ABSTRACT
INTRODUCTION

25
The ability to visualize spatially-distributed defects, damage, and material changes in struc- 
33
(2017); Bonnet and Constantinescu (2005) and others have been successfully applied in imaging 34 such processes. Often, computational approaches using any of the mentioned modalities aim to 35 reconstruct images of structures based off one set of data corresponding to a single structural state.
36
Such an approach does not directly utilize prior information from previous states, which is useful 37 in reconstructing cases with complicated spatial distributions of damage Seppänen et al. (2017) .
38
To take advantage of information contained in multiple data sets, researchers have developed 39 schemes for reconstructing images on the basis of difference data, e.g. ERT with difference
40
imaging Dai et al. (2016) ; Hallaji and Pour-Ghaz (2014) . Difference imaging is a powerful tool for 41 rapidly localizing damage since the reconstructions are commonly obtained using only one iteration 42 Frerichs (2000) . However, the results are often (i) qualitative due to linearization Smyl et al. (2016) 43 and (ii) offer little information information on background inhomogeneity, since reconstructions 44 are computed from differences in measured data sets Vauhkonen (1997 based on this observation model is written as:
80
where p E (E) is the regularization functional, L T e L e = C −1 e where C e is the observation noise 81 covariance matrix, || · || denotes the Euclidean norm, and the subscript "c" denotes "classical."
82
The regularization term is included due to the ill-posed nature of the inverse problem, meaning 83 that standard LS approaches may yield non-unique solutions. Commonly, U(E) is solved using the
84
Finite Element Method (FEM) Goenezen et al. (2011) . In this work, the FEM is also employed using 85 piece-wise linear triangular elements assuming incompressible isotropic plane-stress conditions.
86
Symbolically, the forward model is written as
where N n is the total number of unknown displacements and K −1 ji and f i are often referred to and 89 the compliance matrix and force vector, respectively Surana and Reddy (2016).
90
Because we are interested in reconstructing structural configurations with smoothly-correlated 91 background inhomogeneity (i.e., the distribution of E in an undamaged state), edge-preserving 92 regularization, such as TV, is not used here in the classical approach. Therefore, we select 93 smoothness-promoting regularization for p E (E), which is given by
where L E is a spatially-weighted matrix and E exp is the expected value of E computed by solving 96 the best homogeneous estimate E exp = argmin||u m − U(E)|| 2 .
97
The optimization problem is solved iteratively using a Gauss-Newton (GN) scheme equipped differencing, where each entry is computed using
where the perturbation ∆ J is computed as a function of the double-precision of the machine to be satisfactory herein.
112
Stacked approach
113
In the stacked approach, we have the following model considering both the initial E 1 and final 114 state E: E 1 + δE = E, where δE is the change between states. Here, we make the simplifying 115 assumption that damage decreases E (i.e. δE ≤ 0), which is realistic in the case of, for example, 116 localized cracking or corrosion Seppänen et al. (2017) . In the case of a through-crack, E = 0 can 117 reasonably be assumed within the crack. We also remark that for such a model to be physically 118 realistic, neither E nor E 1 can be negative. Based on this observation model, we may concatenate 119 measurements from two states (undamaged (u 1 ) and damaged (u 2 )) in the following 
125 whereL T eLē =C e uses the block form of the stationary noise covariance matrix (i.e C e 1 = C e 2 = C e ) 126 which is written asC e =
regularization term using Eq. 4 for the smoothly-correlated E 1 and TV regularization for δE, given
where α is a TV weighting parameter, ∇δE | e q is the gradient of δE at element e q , β is a stabilization 
136
The stacked approach also employed a GN-based minimization scheme, which requires the 137 concatenated Jacobian written as follows
139
We note that all constraints were handled using the interior point method.
140
NUMERICAL INVESTIGATION
141
We investigated two structural geometries using the classical and stacked reconstruction ap- 
150
We begin by investigating case (a). Results are shown in Fig. 2 as expected, images with a higher noise level, η = 2.0, were visually more blurry using both 158 approaches.
159
It is interesting to note that all reconstructions of E 1 are over-smoothed and overestimated 160 with respect to the true distributions. This is a consequence of the ill-posed nature of the inverse 161 problem and the measurement sensitivity to smooth changes in E. In damage level II, however E 1 is 162 better estimated. This illuminates one weakness in the stacked reconstruction method: the relative
163
"weighting" between E 1 and δE during minimization of Eq. 7. Indeed, in damage level II, where 164 δE is more spatially-distributed, the "weight" of δE is higher, leading to a better visualization of 165 both E 1 and E relative to Damage Level I. This may be compensated, for example by optimizing 166 the value of α in Eq. 8 or improving constraints in Eq. 7 using prior information related to E 1 .
167
We now consider case (b), reconstructions for this case are shown in Fig. 3 better reconstructed E, we compare the root mean square error (RMSE =
for all reconstructions. The RMSEs for all cases are presented in Fig. 4 as a function of the noise 190 level η = 1.0 and 2.0%. classic (single state) estimation of E or the stacked model should be used.
227
In summary, the results presented herein support the feasibility of the proposed stacked model,
228
given the improved performance with respect to the classical approach. We note that experimentally- corroborated with a classical QSEI approach. Following, a discussion was provided.
245
The results of the numerical study support the feasibility of the stacked reconstruction approach.
246
In all cases, it was shown that the stacked approach outperforms the classical approach based off View publication stats View publication stats
